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CHAPTER 1: INTRODUCTION 
 For through arch suspension bridges, the suspender cables vibrate to transfer loads 
from the deck to the superstructure of the arch.  When the cables hang vertically from the 
superstructure, the cables are equally spaced such that each set of cables carries an equal 
section of deck on each side.  Because of how the deck is supported for these types of 
bridges, the suspender cables are very important components of the structure.  This is due 
to the fact that if a cable snaps, it redistributes loads to the remaining cables, which can 
also snap.  Since the decks are generally lighter on this type of bridge, there is not 
sufficient strength to carry the span without the suspender cables and loss of deck 
sections has potential.  Based on the importance of the suspender cables for the safety and 
health of the structure, it is important to monitor and assess these cables to prevent such 
failures. 
 One of the ways that these cables can be monitored is by examining the tension 
force in the cable.  Equal force distribution between cables which are sufficiently below 
the breaking load of the cables is important for the long term performance of the 
structure.  There are many different ways to estimate the tension force in a cable.  Some 
of these methods require load cell, strain gauges or accelerometers.  For this study, 
multiple different methods and models for examining cable tension force will be 
examined.  They vary in complexity and will be used to examine different conclusions 
regarding the cable tension forces and the loading on the structure.   
 This thesis is organized in five chapters.  Chapter 1 serves as an introduction to 
the topic and to give background information on the motivation behind tension force 
estimation of suspender cables.  In chapters 2 through 4, there are three different papers 
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in which cable tension force estimation is performed to produce results and conclusions 
about the structure’s loading and response behavior.   
 Chapter 2 uses a taut-string mathematical model to estimate the cable tension 
forces for two different configurations of the same bridge.  Acceleration data was 
collected for the original system and during replacement of the bridge deck.  Also studied 
are the root mean square displacements of the cable vibration from the measured 
accelerations to analyze for high amplitude vibrations of the suspender cables.   
 Chapter 3 uses two different models to estimate cable tension forces.  The first is 
the taut-string model from Chapter 2 and the second incorporates cable bending stiffness 
into a new mathematical model.  The force estimation results of these two methods are 
compared to determine which model is more suitable for tension force estimation on the 
Arrigoni Bridge.   
 Chapter 4 takes a different approach from the first two chapters, which only 
quantify a static cable tension force for the suspenders.  This chapter presents a method 
for transforming the acceleration time histories into a time-frequency domain to analyze 
how the cable tension force changes over time.  The Arrigoni Bridge is used as a case 
study to present the results of the force estimation over time.  Also, the analysis allows 
for sufficient temporal resolution such that the dynamic weight of vehicles crossing the 
structure can be estimated.  These results are expanded to show their applicability for 
extending Bridge Weigh-in-Motion to through arch suspension bridges.  Because of the 
novelty of these methods, recommendations are made to improve the ability and 
performance of this approach.   
 3 
 
Chapter 5 presents the overall conclusions of this thesis and summarizes the work 
done in the subsequent chapters.  Recommendations for future work are proposed to 
extend and improve the studies performed herein.   
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CHAPTER 2 
2.1 INTRODUCTION 
 The Arrigoni Bridge, located in Middletown, CT over the Connecticut River, is a 
steel through-arch bridge with vertical helical steel rope suspenders supporting the deck 
and superstructure connecting to the upper steel truss.  A picture of the bridge is shown in 
Figure 1.  This research will examine the tension in the suspender cables on the main 
Eastern span (Span #11) of the bridge using cable vibration measurements.  The vibration 
of the cables is simplified using taut-string theory.  Experimental data consisting of the 
transverse acceleration of the cable motion is collected under ambient loading conditions.  
This report provides background information on the theory behind estimating the tension 
of a cable using vibration data.  This is followed by a description of the sensors and data 
acquisition system used to collect the acceleration response of the cables to normal traffic 
loading.  Next, a description of the bridge suspender cables is provided.  Finally, the 
cable tensions for each of the 134 cables are provided and conclusions presented. 
 
Figure 1. Arrigoni Bridge, Middletown, Connecticut 
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2.2 THEORY OF ESTIMATING CABLE TENSION FROM VIBRATION DATA 
Steel cables, such as those found on the Arrigoni Bridge, can effectively be 
modeled as a taut-string.  Taut-string theory in this study is used to determine the cable 
tension from the vibrations of the cable.  This section provides a brief background on the 
theory of cable vibration for a taut string (Irvine, 1981). 
 The suspender cable is modeled as a vertical cable of length L pinned at each end, 
as shown in Figure 2.  The cross-sectional area, A, of the cable is assumed to have an 
equivalent area of the 1x73 strand cables.  In the taut string model, bending stiffness is 
neglected. The significance of this assumption is examined in Chapter 3 and Appendix A 
of this report. In Appendix A, it is demonstrated that including bending stiffness 
increases the complexity of the analysis significantly (the tension is no longer determined 
from an algebraic equation, but must be solved for iteratively) yet only results in 
calculated tensions for the Arrigoni Bridge cables with a difference of less than 2%. As 
such, bending stiffness is ignored and the taut string model is used.  The mass per unit 
length of the cable, m, is determined from the mass density of steel, ρ, and the cross 
sectional area as m = ρA.  
 
Figure 2. Suspender Cable Modeled as Taut String 
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 When the cable is under excitation, the forces propagate through the cable and the 
wave equation is applied for equilibrium:   
    0        (2.1) 
where m is the mass per unit length of the cable, T is the tension in the cable,   	
	
 is 
the cable acceleration, and   	
	
 is the second derivative of cable position with 
respect to position along the length of the cable. 
 As a force wave travels along the cable, its shape does not change.  The wave 
translates along the length of the cable maintaining the same shape.  The static behavior 
of this shape is given by x(y,0) = f(y), where f(y) is a generalized function.  Once it starts 
traveling along the length of the cable in time, a factor is added to the equation in order to 
adjust for the movement of the traveling wave: 
,             (2.2) 
Where f(.) is the generalized traveling wave representation of x(y,t), y is the vertical 
position in consideration,   		  is the speed of the wave and t is the time at which x(y,t) 
is being analyzed.  For easier analysis, y-vt is substituted for a single variable, u = y-vt.  
In order to implement this substitution into the wave equation, the second derivatives 
with respect to both time and position are presented below: 
	

	
   	


	
         (2.3) 
	

	
  	


	
         (2.4) 
Substituting Equation 2.3 and Equation 2.4 into Equation 2.1 results in a new equation: 
	

	
     0        (2.5) 
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There are two solutions to Equation 2.5, the first is the trivial solution that 	


	
  0.  The 
physical meaning of this solution is that the cable is not moving.  The second solution is: 
    0              (2.6) 
The speed of the wave traveling along the cable is only dependent on the tension force in 
the cable, T, and the mass per unit length of the cable material, m. 
 The cables undergo harmonic oscillations that allow the velocity component in 
Equation 2.6 to be written in another form using the natural frequency of the cable, ω1.  
The relationship between velocity and frequency of a simple harmonic wave is: 
              (2.7) 
Where λ is the wavelength, f1 is the frequency of oscillation in Hz and ω1 is the frequency 
in rad/s.  For the first mode vibration, the cable undergoes a half sine wave deformed 
shape such that λ = 2L.  Substituting this relationship into Equation 2.6 yields: 
!" #
           (2.8) 
Evaluating the exponent and rewriting to solve for the tension force in the cable, T1, 
yields the equation: 
  
"
 
          (2.9) 
 Equation 2.9 represents the fundamental frequency mode solution for the tension 
force.  Higher order modes can also be evaluated with the same approach as above in 
order to generate multiple equivalent equations for the tension force.  For the nth mode, 
the wavelength is such that    $" .  Inserting this relationship into Equation 2.7 and 
writing it in the same form as Equation 2.9 yields: 
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%
 "
$
 
          (2.10) 
where Tn is the tension force of mode n and ωn is the nth natural frequency.  Since the 
cable is in equilibrium under a single tension force, T1 = Tn, Equation 2.9 and Equation 
2.10 are set equal.  After cancelling like terms and rearranging the final relationship 
between ω1 and ωn is: 
&$  '&         (2.11) 
This relationship will be used later in the report to confirm the experimental data matches 
the taut-string prediction and that the use of this model is valid. 
2.3 SENSORS AND DATA ACQUISITION EQUIPTMENT 
A Bridge Diagnostics Incorporated (BDI) STI Wireless system is used to collect 
the cable vibration measurements.  The system is comprised of one STS-WiFi Base 
Station, three STS-WiFi Nodes, twelve 50g accelerometers, and one Laptop PC.  The 
accelerometers are attached directly to the suspender cables with velcro straps 9.5 feet 
above the bottom of the cable and have a wired connection to the STS-WiFi Nodes. The 
accelerometers are oriented in the North-South direction (transverse to the roadway) on 
the cables.  Data is collected at a sampling rate of 100 Hz under normal ambient traffic 
and wind conditions. The Nodes transmit sensor readings wirelessly to the STS-WiFi 
Base Station.  The STS-WiFi Base Station aggregates the data and then transmits it 
wirelessly to the PC where it can be viewed and stored.  Supplemental information on the 
STS-WiFi base station and nodes, as well as the calibration information for the 50g 
accelerometers can be found in Appendix B.  A picture of the system as deployed on the 
Arrigoni Bridge can be found below in Figure 3. 
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Figure 3. BDI STS-WiFi System Deployed on Arrigoni Bridge 
2.4 BRIDGE SUSPENDER CABLES 
The Arrigoni Bridge suspender cables were examined in 2007 (Martyna, 2007).  
At that time, the cables were inspected by magnetic flux non-destructive testing to 
determine the overall condition of the suspender cables.  It was observed in 2007 that the 
cables did not appear to exhibit signs of serious deterioration.  Over 93% of the cables 
tested showed less than 1% cross-section loss.  For the remaining 7% of the cables, signs 
of broken wires or loose wires and moderate corrosion were observed.  Due to this 
investigation, the suspender cables in this report will be treated as having the full cross-
sectional area of the cables at installation.  The cable labeling from the 2007 report is 
used in this report and is shown in Figure 4.  The cable numbers line up with vertical 
sections of the steel truss and consist of numbers 2 through 18.  Within each cable set, the 
individual cables are labeled numbers 1 through 4, starting in the SW corner and 
continuing clockwise.  Cables on the North side of the span have an ‘N’ added on the end 
of the label.  For example, Cable Set L3 on the North side is labeled L3N.  Cables on the 
South side of the span do not have any added characters.  
 10 
 
 
Figure 4. Cable Identification Diagram (Martyna, 2007) 
The cable lengths were determined from the bridge plans and a site visit.  The 
lengths of the four cables in each cable set are assumed to be equal.  The cable lengths 
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are rounded to the nearest foot, which results in potential error in the tension 
measurement from 1.3% to 9% for the longest to shortest cables, respectively. 
Table 1. Cable Lengths 
Cable Set L2/L18 L3/L17 L4/L16 L5/L15 L6/L14 L7/L13 L8/L12 L9/L11 L10 
Length (ft) 11 26 39 50 59 66 71 74 75 
 
The cross-sectional area of the cables was determined from ASTM A586 to be 
1.59 in2 (0.01104 ft2) with a diameter of 1.625 inches.  The mass per unit length of the 
cables was determined using the cable material density multiplied by the cross-sectional 
area.  The cables were assumed to have been made of standard structural steel, which has 
a density of 490 lb/ft3.  This resulted in a weight per unit length of 5.41 lb/ft and a mass 
per unit length of 0.168 lb-s2/ft2. 
2.5 POWER SPECTRAL DENSITY FUNCTION 
 The power spectral density function is used to determine the natural frequencies 
of the suspender cables.  The power spectral density function is a measure of the system 
energy at each frequency.  Accelerations are recorded for a time period and can be 
transformed into the frequency domain by the Fourier Transform.  The Fourier Transform 
uses the time history acceleration, (, and transforms it into a frequency domain, 
)(, , as follows (Bendat and Piersol, 2010):  
           )(,   * (+,- ./        (2.12)  
where f is a given frequency in Hz and T is the finite time interval over which the 
transform is performed and k is the number of segments that the data series is segmented 
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into.  Once the acceleration data has been transformed, the power spectral density 
function can be used.  This function has the following form: 
0   2 lim5 6 78)(, 89      (2.13) 
Where 0  is the power spectral density function of the acceleration signal, and E[.] is 
the function for the expected value of the term |)(, |, also known as the weighted 
average value for the function. 
From the PSD function, the natural frequencies of the cables can be determined.  
At the cable natural frequencies, resonance occurs and this is present in the PSD function 
plot at locations where sharp peaks exist.  These peaks were selected by the peak picking 
method as the natural frequencies for each cable for use in the tension force calculation. 
2.6 USING ACCELERATION DATA TO DETERMINE DISPLACEMENT RMS 
 
 The amplitude of cable vibration was one of the initial concerns that prompted 
this study.  It was determined to use acceleration data to examine the potential for high 
vibration amplitude cables. One approach to determine displacements from acceleration 
data involves computing numerical integrals of the signal to obtain approximate velocity 
and repeating the process to achieve approximate displacements.  This approach has 
some difficulties associated with integrating a discrete noisy signal.  In order to overcome 
these difficulties the root-mean squared (RMS) displacements are determined in the 
frequency domain using measured cable acceleration.  This omega arithmetic uses the 
transformed signal in the frequency domain to take advantage of algebraic relationships 
between acceleration, velocity and displacement.   
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 The goal of this approach is to evaluate the root-mean square displacement, RMSd, 
value for every cable to try to determine which cables have higher amplitude vibration 
and to investigate why certain cables seem to have higher amplitude vibration.  For a 
given acceleration signal, , the signal can be transformed into the frequency domain 
by the Fourier Transform.  The transformed signal, ) , contains the exact same 
information as the original signal, but now is examined in the frequency domain.  The 
algebraic relationship between acceleration and displacement in the frequency domain is 
given by: 
 
)  !,
# )         (2.14) 
 
where X(f) is the displacement in frequency domain and ω is the frequency in rad/s.  The 
parameter of interest is the RMS of displacement.  Writing the relationship in Equation 
2.14 in terms of the power spectral density (PSD) function, through Equation 2.13, 
reveals that: 
 
0  ! ;# 0       (2.15)    
 
where 0 is the auto-power spectral density (PSD) function for displacement and 
0  is the PSD function for acceleration and f is the frequency (in Hz).  The PSD 
function is defined fully in the previous section of this report.  Taking the integral 
between any two frequencies, f1 and f2, of 0 is related to the RMS value as: 
 
<=>?,   @*  ;
 0 .     (2.16) 
 
where RMSd is the RMS of displacement.  Equation 2.16 can now be used to determine 
the displacement RMS for a given acceleration signal . 
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2.7 USING MULTIPLE MODES TO DETERMINE NATURAL FREQUENCY 
From a previous section discussing the background for taut-string theory, the 
increasing natural frequencies of a taut-string vary linearly by the relationship ωn = nω1, 
where n is the nth mode of vibration and ω1 is the fundamental frequency of the cable.  
The first four natural frequencies, ω1 to ω4, are used in this study to determine the 
linearity of the natural frequencies.  Each of these four frequencies is used in a linear 
regression to determine the best fit line by residual least squares error approximation.  
The slope of this fit line, &A, in the following calculations and the norm of the residuals, 
Norm of R, are displayed to give an indication of the goodness of fit for the linear 
approximation. 
2.8 RESULTS 
 Data was collected on March 8th, 2011. The results of the cable force estimation 
are given in Table 2.  Table 2 is simplified to show only the cable tension force for each 
cable.  More information on the acceleration time history, power spectral diagram plot 
and linear regression fit line are provided in Appendix C for a much more in-depth look 
at each of the cable behaviors.  Appendix C also allows direct comparison between cables 
within a set and between cables sets, documenting the measured behavior of each cable.  
In addition, Appendix C contains tables that give numerical values for the four natural 
frequencies, ω1 to ω4, as well as the fitted natural frequency, &A, and the goodness of fit 
parameter, Norm of R. 
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Table 2. Cable Tension Forces 
South Force (k)   North Force (k) 
Cable 1 2 3 4   Cable 1 2 3 4 
L2           L2N         
L3 48.87 50.36 71.61 99.59   L3N 45.07 61.65 63.48 64.53 
L4 49.24 45.49 54.07 69.12   L4N 73.12 39.68 65.30 65.54 
L5 51.21 42.12 39.21 41.39   L5N 51.30 54.91 31.95 38.34 
L6 42.13 48.47 38.70 41.74   L6N 53.72 57.74 53.28 46.61 
L7 50.55 43.11 49.13 49.49   L7N 44.33 48.43 52.84 46.13 
L8 49.38 36.98 37.75 56.72   L8N 51.04 47.00 46.88 41.49 
L9 46.60 39.22 37.82 35.77   L9N 40.53 39.81 41.37 52.95 
L10 49.73     46.30   L10N 42.99 45.01 46.82 45.01 
L11 39.22 37.94 37.13 46.60   L11N 42.22 37.59 37.25 50.79 
L12 50.65 43.85 42.78 41.26   L12N 47.25 44.44 43.61 47.75 
L13 48.78 60.79 42.89 45.67   L13N 54.31 50.43 52.96 47.73 
L14 37.41 43.40 48.58 48.47   L14N 43.50 51.87 50.58 44.89 
L15 47.38 42.37 42.70 38.42   L15N 54.44 51.21 39.05 41.14 
L16 55.03 67.72 54.22 72.11   L16N 74.74 46.30 67.72 83.81 
L17 61.34 64.53 55.20 46.46   L17N 53.64 43.93 66.24 59.44 
L18           L18N         
 
As seen in Table 2, cables L10-2 and L10-3 do not have tension force values.  
This is a result of a ladder that is attached to the cables for access to the upper steel truss.  
Because of the added mass on the cables, the mathematical model of the taut-string 
cannot be applied.  All of the cables in sets L2, L2N, L18 and L18N do not have any 
force results because the ambient excitation for these cables is not sufficient to accurately 
determine any of the natural frequencies for these cables. 
Of additional note, there is one cable that has a tension force value double the 
average force.  Cable L3-4 has a force value of 99.59 kips.  This cable and L3-3, L16-4, 
L4N-1, L16N-1 and L16N-4 have tension forces more than 25 kips above the average 
and may experience more issues with axial fatigue and should be inspected more 
thoroughly. 
The variation in the four cables at each location is also noted to vary significantly 
from set to set with no observed pattern. The average difference between the maximum 
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and minimum tensions of cables in a set is 15.3 kips. Some cable sets have larger 
variation in the tensions, namely L3, L4N, and L16N with variations of 50.72, 33.44, and 
37.51 kips, respectively. 
 In order to visualize how the cable forces vary, all of the forces from Table 2 are 
presented in Figure 5 below. 
 
Figure 5. Cable Tension Forces 
 It is evident in Figure 5 that cable sets 3, 4, 16 and 17 have higher estimated 
tension forces for both the south and north sides of the bridge.  Cable sets 5 through 15 
show a uniform force value that would be expected for this bridge type.  Cable tension 
forces for the original system have been determined using taut-string theory and 
experimental acceleration data. 
2.9 DISPLACEMENT RMS RESULTS 
 The displacement RMS values for each of the cables are computed using the 
acceleration time history and Equation 2.16 previously described.  For all of the cables, 
the maximum RMS value is below 0.0025 inches.  Cable vibration amplitude does not 
seem to be an issue for these cables.  During visual inspection of the cables, there seems 
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to be no apparent relationship between length of cable and the vibration amplitude.  Table 
3 presents the displacement RMS values for each of the cables of span 11 of the Arrigoni 
Bridge.   
Table 3. Displacement RMS Values 
South   North   South   North 
  RMSd (in) 
  
  RMSd (in) 
  
  RMSd (in) 
  
  RMSd (in) 
L3 
1 0.001474 
  
L3N 
1 0.00117 
  
L11 
1 0.001115 
  
L11N 
1 0.001006 
2 0.001266 
  
2 0.001477 
  
2 0.001323 
  
2 0.001351 
3 0.001096 
  
3 0.001208 
  
3 0.001069 
  
3 0.001294 
4 0.001295 
  
4 0.001316 
  
4 0.001205 
  
4 0.000933 
L4 
1 0.001292 
  
L4N 
1 0.001113 
  
L12 
1 0.001198 
  
L12N 
1 0.001455 
2 0.001949 
  
2 0.001243 
  
2 0.001219 
  
2 0.001587 
3 0.001259 
  
3 0.001127 
  
3 0.001093 
  
3 0.001198 
4 0.00126 
  
4 0.001047 
  
4 0.001372 
  
4 0.001404 
L5 
1 0.001178 
  
L5N 
1 0.001184 
  
L13 
1 0.001587 
  
L13N 
1 0.001819 
2 0.001193 
  
2 0.00118 
  
2 0.001405 
  
2 0.001093 
3 0.001379 
  
3 0.001246 
  
3 0.001316 
  
3 0.001366 
4 0.001433 
  
4 0.001115 
  
4 0.001652 
  
4 0.001327 
L6 
1 0.001708 
  
L6N 
1 0.001401 
  
L14 
1 0.001357 
  
L14N 
1 0.001099 
2 0.001661 
  
2 0.001208 
  
2 0.001345 
  
2 0.001316 
3 0.001184 
  
3 0.001099 
  
3 0.001463 
  
3 0.001413 
4 0.002027 
  
4 0.001396 
  
4 0.001386 
  
4 0.00126 
L7 
1 0.00111 
  
L7N 
1 0.001438 
  
L15 
1 0.001214 
  
L15N 
1 0.001373 
2 0.001462 
  
2 0.001502 
  
2 0.001454 
  
2 0.001194 
3 0.00123 
  
3 0.001224 
  
3 0.001034 
  
3 0.00119 
4 0.001322 
  
4 0.001122 
  
4 0.001156 
  
4 0.001321 
L8 
1 0.001216 
  
L8N 
1 0.001019 
  
L16 
1 0.001084 
  
L16N 
1 0.001076 
2 0.001204 
  
2 0.001266 
  
2 0.001479 
  
2 0.001468 
3 0.001284 
  
3 0.001096 
  
3 0.001324 
  
3 0.00135 
4 0.000957 
  
4 0.001044 
  
4 0.001106 
  
4 0.001112 
L9 
1 0.001212 
  
L9N 
1 0.001573 
  
L17 
1 0.001766 
  
L17N 
1 0.002213 
2 0.001234 
  
2 0.00118 
  
2 0.001938 
  
2 0.001156 
3 0.001112 
  
3 0.000997 
  
3 0.001445 
  
3 0.001454 
4 0.001108 
  
4 0.001115 
  
4 0.001378 
  
4 0.001288 
L10 
1 0.001128 
  
L10N 
1 0.00147 
                
2   
  
2 0.001601 
                
3   
  
3 0.001324 
                
4 0.001574 
  
4 0.001439 
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Based on the taut-string theory equations, cable parameters are identified that 
have potential to increase understanding of what conditions effects cable vibration 
amplitude.  The parameters are the fundamental cable frequency, &A, the cable tension 
force, T, and the cable length, L.  Figure 6 shows the cable displacement RMS versus 
fundamental frequency, Figure 7 shows the cable displacement RMS versus cable tension 
force and Figure 8 shows the cable displacement RMS versus cable length.   
 
Figure 6. Displacement RMS vs Frequency 
 
Figure 7. Displacement RMS vs Tension Force 
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Figure 8. Displacement RMS vs Cable Length 
The figures above do not seem to show any specific trends that would influence 
which cables have the highest amplitude vibration.  Although there are only a limited 
number of data points for the higher frequency and higher tension cables, there is no 
apparent relationship between changes in either parameter.  Looking at Figure 8, all of 
the data is located around the average RMS value of 0.0013 inches.  A few outliers exist, 
but 73% of the RMS values are within ±0.0002 inches of the average.  Calculating 
correlation coefficients for each of the parameters, cable frequency, tension force and 
cable length, against the displacement RMS reveals correlation coefficients of 0.1607, -
0.0136 and -0.1684 respectively.  Values close to zero represent very low correlation 
between each of these parameters and the displacement RMS values.  From the results of 
this analysis, the displacement RMS is not influenced by the cable vibration frequency, 
cable tension force or cable length. 
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2.10 CONSTRUCTION PHASE RESULTS 
 Due to the importance of the Arrigoni Bridge to the surrounding areas of 
Middletown and Portland, CT, extensive renovations are currently underway to improve 
its integrity.  Data was collected on October 24th, 2011 during a phase of the construction, 
to look at construction forces and to determine changes in the system behavior.  During 
this stage of the construction, the south deck was removed from cable sets L2 to L10, 
encompassing approximately half of the south span.  The pedestrian sidewalk was 
removed over the entirety of the south span.  The two southern lanes were closed to 
traffic, and the two northern lanes had one lane of traffic in each direction.  In order to 
describe the construction scenario, Figures 9 and 10 show pictures that represent the 
system during the construction monitoring.   
The same procedure as previously described is performed to calculate the cable 
tension forces and the extended results are located in Appendix D.  The results of these 
calculations are in Table 3.  During the construction phase, different accelerometers are 
used in the construction monitoring.  Twelve 5g accelerometers are used to collect the 
data and their specifications and calibration information can be found in Appendix B. 
 
Figure 9. Construction Phase Picture 
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Figure 10. Construction Scenario 
Table 4. South Deck Removed Cable Tension Forces 
Cable 1 2 3 4   Cable 1 2 3 4 
L2           L2N         
L3 33.22 33.87 32.39 58.99   L3N 42.84 58.93 60.62 62.69 
L4 38.02 33.07 40.06 38.45   L4N 74.06 41.13 66.83 57.85 
L5 32.10 32.10 33.33 34.51   L5N 52.40 58.15 40.33 39.13 
L6 32.80 37.50 27.93 31.27   L6N 46.21 55.60 47.33 41.35 
L7 34.96 30.09 29.72 36.36   L7N 41.91 45.45 53.21 42.01 
L8 34.50 21.78 25.27 37.53   L8N 47.75 47.37 47.75 39.43 
L9           L9N 43.32 40.17 43.45 53.50 
L10           L10N 46.17 47.60 47.08 46.82 
L11 29.45 34.33 32.59 42.59   L11N 46.98 43.32 37.82 50.92 
L12 40.80 37.09 38.86 34.93   L12N 49.00 46.63 46.39 51.04 
L13 34.86 49.49 38.09 40.08   L13N 54.19 43.99 51.87 46.36 
L14 30.03 37.04 38.42 34.80   L14N 44.49 54.05 44.39 41.16 
L15 39.85 38.03 37.48 33.40   L15N 51.12 50.58 40.73 41.79 
L16 43.51 42.60 52.84 48.27   L16N 60.59 41.83 70.36 76.89 
L17 51.01 66.40 54.56 37.33   L17N 49.33 51.72 66.83 59.34 
L18           L18N         
 
 During the construction monitoring, there was not safe access to cable sets L9 and 
L10 on the south side of the span.  Because of this, data was unable to be collected and 
tension forces could not be estimated for these cables.  As in the original testing, the 
excitation wasn’t high enough to be able to determine force measurements for cables L2, 
L2N, L18 and L18N.  To measure these forces, a hammer could be used to excite the 
cables to measure the resonant frequencies for each of these cables. 
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 In order to more fully understand how the behavior differs between the two 
monitoring campaigns, individual comparisons of all the cable forces are made.  The 
comparison of every cable that could be safely measured is included for the South cables 
in Figure 11 and the North cables in Figure 12.  South Deck Removed refers to the 
construction monitoring that occurred on October 24th, 2011, whereas Original refers to 
the initial measurements made on March 8th, 2011. 
 
Figure 11. Comparing South Cable Forces 
 
 
Figure 12. Comparing North Cable Forces 
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 Looking at the South cables in Figure 11, it is evident that the forces in these 
cables have changed between the two sets of data.  The average force reduction for cables 
L3 to L8 is 16.11 kips, whereas the average force reduction for cables L11 to L17 is 8.01 
kips.  Generally, the force reduction is larger in cables L3 to L8 because they are directly 
located where the decking has been removed, hence it is expected that these cables would 
have the largest force reduction. Some force reduction in cables L11 to L17 is expected 
due to how loads propagate within a system, as well as force redistribution as the system 
is modified during construction.  The sidewalks were removed for both cables L3 to L8 
and L11 to L17, whereas the deck was only removed for cables L3 to L8, which accounts 
for the different force reduction in each half of the cables on the South side span.  
 Regarding the North cables in Figure 12, the majority of the cables only change a 
very small amount in their tension forces.  The average force change is +0.59 kips, which 
results in a force change of 1.2% on average.  The cable tension forces on the North side 
do not change much, because they are far away from where the deck is removed and thus 
do not largely contribute to the load carrying of the southern deck.  Some of the cables, 
such as L5N-3, added more tension force (+8.38 kips) during the construction phase.  The 
forces are redistributing within the cable sets because the other three cables in the set 
were reduced by 2.42, 2.98 and 4.11 kips.  These three reductions sum to 9.51 kips, 
which means that the cable set’s force is reduced by 0.93 kips.  Force redistribution 
within cables accounts for why the cables on the North side have changed, ultimately due 
to small fluctuations in the system as a whole.   
 The construction monitoring is very helpful in determining how the system acts 
when significant changes are made to the system, such as a large portion of the southern 
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decking being completely removed.  The effects of this type of change are localized, as 
would be expected by the design assumptions for this type of bridge. 
2.11 CONCLUSIONS 
The goal of this project was to determine cable tension forces for the suspender 
cables of the Arrigoni Bridge.  A mathematical model incorporating taut-string theory 
was used to simplify the analysis procedure.  An innovative means to use the first four 
measured natural frequencies of the cable is presented and used in this study to provide a 
measure of redundancy.  The cable tension forces were determined for two scenarios, 
original and construction phase monitoring.  During the original testing, the initial values 
for all of the cables were determined and the forces and force variability were discussed.  
In the construction phase testing, it was apparent that the system changes are strongly 
localized for the removal of the South deck that was tested.  The cables closest to the 
deck removal were most affected, and the North side cables were negligibly affected by 
the system changes.  The variations in the North cables were due to small changes in the 
system that caused force redistribution within a given cable set. The Arrigoni Bridge 
suspender cables’ tension force has been adequately measured using taut-string theory to 
model the cable behavior and acceleration data of the out-of-plane motion of the cables.  
Cable displacement RMS was also examined and it was found that the three test 
parameters, cable frequency, tension force and cable length did not have any observable 
relationship with the displacement RMS. 
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CHAPTER 3 
3.1 INTRODUCTION 
Cable supported structures are prominently displayed as iconic landmarks of a 
nation’s infrastructure.  These bridges are aesthetically pleasing and oftentimes 
economical in design.  The cables in these structures carry vital loads and are a critical 
element in the resulting structural system.   
Any integrity issues with the cables can be costly and can lead to sudden failure 
from snapping cables.  Therefore, monitoring the cable tension force is a very important 
task in ensuring the safety and integrity of the structure.  Another troubling issue for 
cable supported structures is the force variation within cables.  Small differences in the 
cable forces have been shown to have dramatic impacts on some cable stayed bridges 
(Casas 1994).  Therefore, cable tension force variation should be taken into account in 
addition to examining cable breakage.  
There are many different approaches to analyzing cable tension forces (Ren et al, 
2005; Zui et al, 1996; Ren, 2007).  Electromagnetic stress sensors were installed on the 
cables of a bridge to directly measure the cable forces (Wang et al, 2005).  Installation for 
these sensors can be costly, making this approach an uncommon approach.  Due to this, 
much of the focus for cable force estimation has been put on indirect methods.  The 
simplest and most commonly used method involves simplifying the cable as a taut-string 
(Irvine, 1981).  This method involves measuring cable vibrations to determine the natural 
frequencies of the cable, but does not include effects of cable sag or bending stiffness.   
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The Arrigoni Bridge is located in Middletown, Connecticut over the Connecticut 
River. It is a steel, through-arch bridge with vertical, steel helical ropes supporting the 
deck and superstructure connecting to the upper steel truss.  This research examined the 
tension in the suspenders on the eastern span (Span #11) of the bridge using cable 
vibration measurements.  The vibration of the suspenders is simplified using taut-string 
theory.  Experimental data consisting of the transverse acceleration of the cable vibration 
is collected under ambient loading conditions.  This report provides background 
information on the theory behind estimating the tension of a cable using vibration data.  
This is followed by a description of the sensors and data acquisition system used to 
collect the acceleration response of the cables to normal traffic loading.  Next, a 
description of the bridge suspender cables is provided.  Finally, the cable tensions for 
each of the 134 cables are provided and conclusions are presented. 
3.2 THEORY OF ESTIMATING CABLE TENSION FROM VIBRATION DATA 
Steel cables, such as those found on the Arrigoni Bridge, can effectively be 
modeled as a taut-string.  Taut-string theory is used in this study to determine the cable 
tension from the vibrations of the cable.  This section provides a brief background on the 
theory of cable vibration for a taut-string (Irvine, 1981) as well as for a cable with 
bending stiffness (Humar, 1990). 
 The suspender cable can be modeled as a vertical cable of length L attached at 
each end, as shown in Figure 13.  The cross-sectional area, A, of the cable is assumed to 
have an equivalent area of the 1x73 strand cables.  The linear mass density, m, is 
determined from the mass density of steel, ρ, and the cross sectional area as m = ρA. 
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Figure 13. Suspender Cable Modeled as Taut String 
 When the cable is under excitation, the forces propagate through the cable and the 
wave equation is applied for equilibrium:   
    0       (3.1) 
where m is the mass per unit length of the cable, T is the tension in the cable,  
B/B is the second derivative of the cable position with respect to time, and  
B/B is the second derivative of cable position with respect to position along the 
cable. 
 The solution of Equation 3.1 results in the wave speed equation.  This equation 
predicts the propagation speed of a wave through a taut-string solely based on the string 
tension, T, and the linear density, m. 
  @         (3.2) 
 From the study of wave harmonics, the wave speed can also be determined by the 
wavelength and frequency of the wave.  The mathematical representation for this 
relationship is: 
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             (3.3) 
Where λ is the wavelength, f is the frequency of oscillation in Hz, and ω is the frequency 
in rad/s.  For the nth mode of vibration, the standing wave has a wavelength of λ = 2L/n, 
where n is the mode number. Setting equations 3.2 and 3.3 to be equal and simplifying 
terms to solve for T results in the final form of the equation: 
  D"

$
  "



$
 
        (3.4) 
Higher values for n generate multiple equations for the tension force.  As the cable is 
under equilibrium, T1 = T2 = …, the higher order natural frequencies are integer multiples 
of the fundamental frequency.  The general rule for this behavior is fn = nf1, where n is 
the integer value indicating the nth mode and f1 is the fundamental natural frequency of 
the cable.  The behavior of this relation for fn is affected by cable sag and cable bending 
stiffness. 
3.3 INCORPORATING BENDING STIFFNESS 
 This section details the theoretical background for analyzing cable tendencies 
including their bending stiffness. This problem was explored by including higher order 
modes and shorter cables in an effort to see significant changes in the force determination 
using bending stiffness.  The simple taut-string solution provides an upper-limit solution 
to the problem of cable tension estimation.  The following information will look to 
increase the model complexity in order to achieve tension force values that are more 
accurate.  
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To begin, the same diagram in Figure 13 will be used for the coordinate system.  
The non-dimensional equation of motion (Irvine, 1981), which is used with the 
simplifying assumptions of no system damping and no cable sag, gives the following 
equation: 
,  E F
 
 ,    
 ,   0    (3.5) 
where x(y,t) is the cable motion perpendicular to the cable length,   is the second 
derivative of x(y,t) with respect to time, x’’’’ is the fourth derivative of x(y,t) with respect 
to position and x’’ is the second derivative of x(y,t) with respect to position. Using a 
Galerkin method, the motion of the cable may be computed using a finite series 
approximation where the function x(y,t) is given an assumed mode approximation such 
as: 
,   ∑ H-I--J       (3.6) 
where qj(t) are the generalized displacements and φj(y) are a set of shape functions that 
are continuous with piecewise continuous slope and that satisfy the geometric boundary 
conditions H-0  H-1  0.  A sine series may be used for the shape functions, 
φj(y), as follows: 
H-  LM'NO, O  1, 2, … ,      (3.7) 
Substituting these shape functions into Equation 3.6 and simplifying results into a matrix 
form: 
=I E QI  0       (3.8) 
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with mass M = [mij] and stiffness K = [kij] matrices.  Equations 3.9, 3.11 and 3.12 all 
describe the non-dimensional equations that determine the mass and stiffness matrices of 
the system by the Raleigh-Ritz method.  An expression for the mass matrix, mij, will be 
determined first: 
R-  * HRH-./  * LM'NMLM'NO./   SR-  (3.9) 
where δij is the Kronecker Delta such that when i = j, δij = 1 and i ≠ j, δij = 0. 
The stiffness matrix can be shown by the following equation: 
TR-  TR-U$VRW$ E TR-XU$?R$Y      (3.10) 
where ktension and kbending are given as: 
TR-U$VRW$  * HRH-./   NMSR-    (3.11) 
TR-XU$?R$Y  F
 * HRH-./    
;R;
F
 SR-    (3.12) 
where  F
  Z["
, E is the Modulus of Elasticity, I is the area moment of inertia, T is the 
tension force in the cable and L is the length of the cable.  Combining equations 3.11 and 
3.12 yields the full stiffness matrix: 
TR-   NMSR- E   
;R;
F
 SR-     (3.13) 
With mij and kij determined, equation 3.8 can be used to solve the eigenvalue 
problem that determines the natural frequencies of a given cable. If the exact cable 
tension is known, the solution is straightforward.  However, using known frequencies in 
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this equation as a means to solve for cable tension requires a computational method that 
implements a candidate cable tension, T, and determines the natural frequencies. A range 
of cable tensions are input, and then corresponding natural frequencies can be calculated 
and compared to the measured natural frequency of the mode of interest.  
3.4 SENSORS AND DATA ACQUISITION EQUIPMENT 
A wireless bridge monitoring system was used to collect the cable vibration 
measurements.  The system is comprised of a Base Station, three wireless Nodes, twelve 
50g accelerometers, and a Laptop PC.  The accelerometers are attached directly to the 
suspender cables with Velcro straps 5 feet above the bridge deck (9½ feet above the 
bottom end of the cable) and have a wired connection to the Nodes. The accelerometers 
are oriented in the north-south direction (transverse to the roadway) on the cables.  Data 
was collected at a sampling rate of 100 Hz under normal ambient traffic and wind 
conditions. The Nodes transmit data wirelessly to the Base Station.  The Base Station 
aggregates the data and then transmits the information wirelessly to the PC where it can 
be viewed and stored.  A picture of the system on the Arrigoni Bridge is shown in Figure 
14. 
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Figure 14. Monitoring of the Arrigoni Bridge Suspender Cables 
3.5 BRIDGE SUSPENDER CABLES 
The Arrigoni Bridge suspender cables were examined in 2007 (Martyna, 2007).  
At that time, the cables were inspected by magnetic flux non-destructive testing to 
determine the overall health condition of the suspender cables.  It was observed that the 
cables did not appear to exhibit signs of serious deterioration.  Over 93% of the cables 
tested showed less than 1% cross-section loss.  For the remaining 7% of the cables, signs 
of broken or loose wires and moderate corrosion were observed. Since the loss in cables 
has occurred in only a small percentage of the cables and has not significantly changed 
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the area, the suspender cables in this report will be assumed as having the full cross-
sectional area of the cables at the time of installation.  It is important to note that the 
cable labeling used here is the same as in Martyna (2007) for convenience.  The cable set 
numbers line up with vertical sections of the steel truss and consist of numbers 2 through 
18 increasing in the direction of travel.  Within each of the cable sets, the individual 
cables are labeled numbers 1 through 4, starting in the southwest corner and continuing 
clockwise.  
The cable lengths were determined from the bridge plans and a site visit.  The 
lengths of the four cables at each cable set are assumed to be the same.  The cable 
lengths, as provided in Table 1, are rounded to the nearest foot which results in potential 
error in the tension measurement from 1.3% to 9% for the longest to shortest cables, 
respectively. 
Table 5. Cable Lengths 
 
The cross-sectional area of the cables was determined by Martyna (2007) to be 
1.946 in2 (0.01351 ft2) with a diameter of 1.574 inches.  The cross-section of the cables is 
shown in Figure 15.  The small space between strands and the slightly non-circular shape 
of the cables was assumed to be negligible in the overall calculation of the cable cross-
sectional area. 
 
Cable Set L2/L18 L3/L17 L4/L16 L5/L15 L6/L14 L7/L13 L8/L12 L9/L11 L10
Length (ft) 11 26 39 50 59 66 71 74 75
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Figure 15. Cable Cross-Section (from Martyna, 2007) 
The mass per unit length of the cables was determined using the cable material 
density multiplied by the cross-sectional area.  The cables were assumed to have been 
made of standard structural steel, which has a density of 490 lb/ft3.  This resulted in a 
weight per unit length of 6.62 lb/ft and a mass per unit length of 0.206 lb-s2/ft2. 
3.6 EXPERIMENTAL DETERMINATION OF CABLE FREQUENCY 
The power spectral density (PSD) function is used to determine the natural 
frequencies of the suspender cables.  The power spectral density function is a measure of 
the system energy at each frequency.  Accelerations are recorded for a time period and 
can be transformed into the frequency domain by the Fourier Transform.  The Fourier 
Transform uses the time history acceleration, xk(t), and transforms it to frequency 
domain, Xk(ω,T) (Bendat and Piersol, 2000):  
           )(&, >  * (+,- .\/       (3.14)  
where ω is a given frequency in Hz, S is the finite time interval over which the transform 
is performed, and k is the number of segments that the data series has been broken into.  
Once the acceleration data has been transformed, the power spectral density function can 
be used.  This function has the following form: 
0&  2 lim\5 6]|)(&, >|^     (3.15) 
where Gxx(ω) is the power spectral density function, and E[.] is the function for the 
expected value of the term |Xk(ω,S)|2, also known as the weighted average value for the 
function. 
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From the PSD function, the natural frequencies of the cables can be determined.  
At the cable natural frequencies, resonance occurs, which can be seen in the PSD 
function plot through sharp peaks.  These peaks were selected by the peak picking 
method as the natural frequencies for each cable for use in the tension force calculation. 
3.7 RESULTS 
The first four frequencies, f1 to f4, are determined as previously discussed. Theory 
predicts that each of the natural frequencies should equate to the same cable tension 
force.  In reality, system noise, non-idealized boundary conditions, and varying cable 
conditions suggest that the experimental results will not give a single tension value 
between the different natural frequencies. The average of the four tensions will be used to 
calculate a single tension force for both the taut-string and bending stiffness approaches.  
These average values will be compared to look at the differences between each method.   
Table 6 shows the cable tension force using the taut-string approach as well as the 
bending stiffness approach for 12 (3 sets) of the 134 cables.  These cables are 
representative of the measured tension in suspender cables in this bridge. The tension, Tt, 
represents the cable tension calculated using the taut-string approach, while Tb represents 
the cable tension calculated using the cable bending stiffness approach. 
 For the shorter cable, L2N (where L2 indicates cable set 2 and the N denotes the 
north side of the bridge), only the first mode is observed in the measured data. This was 
observed in cable sets L2, L2N, L18, and L18N. For cables L3-3 (the 3rd cable in cable 
set L3) and L3-4, the fourth natural frequency was not visible on the power spectral 
diagram and could not be documented.  Cables L10-2 and L10-3 have an access ladder 
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attached to them and vibration measurements cannot be used to determine the tension in 
these cables.  
 As previously mentioned, the values from Table 6 are averaged over the four 
natural frequencies to approximate the cable tension force.  The average tensions, as well 
as a percent change, are provided in Tables 7 and 8. Additionally, the percent difference 
between the taut- string and bending stiffness is shown in Figure 16 as a function of cable 
length.  
 
Figure 16. Percent Error of Tension Measurement versus Cable Length 
Table 6. Cable Force Estimation for Four Modes 
 
Table 7. South Averaged Force Values with Percent Change 
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L2N 1 2 3 4
1 18.66/18.37
2 18.16/17.85
3 18.07/17.76
4 18.07/17.76
L4N 1 2 3 4
1 79.57/79.55 82.10/82.00 84.11/83.88 90.36/89.96
2 42.72/42.70 45.54/45.46 46.04/45.84 49.10/48.70
3 73.32/73.30 72.65/72.55 75.77/75.54 80.99/80.60
4 73.89/73.86 72.26/72.17 76.54/76.33 79.13/78.73
L10N 1 2 3 4
1 48.32/48.32 51.23/51.19 52.00/51.94 51.60/51.50
2 53.55/53.55 54.34/54.32 55.58/55.51 54.51/54.40
3 52.61/52.61 59.05/59.02 56.64/56.58 57.08/56.98
4 49.85/49.83 56.27/56.24 55.35/55.30 54.51/54.40
Mode Number
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Tt (k) Tb (k) % Change Tt (k) Tb (k) % Change
1 18.62 18.31 1.68 1 48.24 48.20 0.10
2 17.83 17.53 1.64 2 42.75 42.70 0.12
3 18.54 18.22 1.69 3 45.32 45.26 0.13
4 18.29 17.97 1.71 4 54.72 54.66 0.11
1 53.71 53.29 0.79 1 58.13 58.07 0.11
2 55.44 55.03 0.75 2 53.31 53.26 0.09
3 80.76 80.50 0.33 3 51.93 51.88 0.11
4 114.86 114.60 0.22 4 48.77 48.71 0.12
1 57.12 56.94 0.32 1 57.66 57.60 0.09
2 53.27 53.09 0.34 2 75.25 75.20 0.08
3 63.80 63.61 0.29 3 52.41 52.35 0.12
4 78.75 78.56 0.23 4 56.04 55.96 0.13
1 60.94 60.83 0.18 1 46.06 45.99 0.17
2 49.38 49.26 0.24 2 53.55 53.46 0.17
3 46.94 46.82 0.26 3 59.65 59.57 0.13
4 48.67 48.56 0.24 4 57.17 57.09 0.14
1 53.51 53.43 0.16 1 56.48 56.38 0.19
2 58.58 58.49 0.15 2 49.99 49.87 0.23
3 47.25 47.17 0.15 3 51.56 51.45 0.22
4 50.66 50.58 0.17 4 44.89 44.77 0.26
1 61.13 61.07 0.10 1 66.73 66.61 0.18
2 52.97 52.91 0.13 2 77.71 77.52 0.24
3 60.72 60.64 0.12 3 63.43 63.25 0.30
4 60.41 60.36 0.09 4 83.80 83.63 0.21
1 60.42 60.37 0.09 1 67.66 67.25 0.60
2 45.78 45.73 0.11 2 72.33 71.93 0.56
3 45.88 45.82 0.13 3 61.13 60.72 0.68
4 67.28 67.23 0.07 4 50.16 49.74 0.83
1 57.37 57.32 0.09 1 16.43 16.11 1.91
2 45.94 45.88 0.13 2 16.74 16.43 1.87
3 44.23 44.18 0.11 3 16.34 16.03 1.92
4 44.15 44.11 0.08 4 16.55 16.24 1.89
1 60.48 60.43 0.08
2
3
4 58.18 58.13 0.09
L17
L18
L14
L15
L16
L11
L12
L13
L8
L9
L10
L5
L6
L7
L2
L3
L4
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Table 8. North Averaged Force Values 
 
The tension for the 16 cables at locations L2, L2N, L18 and L18N are notably 
lower than the rest of the cables.  The average tension in these cables, located at the ends 
of the spans, is 17.2 kips – as opposed to the mean tension in the remaining cables 
determined to be 58.6 kips. This might be explained by the fact that these cables located 
at the end of the span are supporting less bridge deck than the other cable sets. 
Tt (k) Tb (k) % Change Tt (k) Tb (k) % Change
1 18.66 18.37 1.57 1 51.32 51.27 0.09
2 18.16 17.85 1.73 2 43.62 43.58 0.11
3 18.08 17.76 1.73 3 43.25 43.21 0.10
4 18.08 17.76 1.73 4 58.85 58.80 0.09
1 49.09 48.67 0.85 1 58.74 58.67 0.11
2 69.40 68.99 0.59 2 53.68 53.63 0.10
3 78.21 77.95 0.33 3 54.20 54.14 0.11
4 76.43 76.17 0.34 4 60.08 60.03 0.09
1 84.03 83.85 0.22 1 65.16 65.10 0.09
2 45.85 45.67 0.39 2 57.39 57.33 0.11
3 75.68 75.50 0.25 3 62.85 62.80 0.07
4 75.45 75.28 0.24 4 57.06 57.00 0.11
1 58.42 58.30 0.20 1 54.15 54.07 0.16
2 65.22 65.10 0.18 2 68.42 68.34 0.12
3 37.17 37.05 0.32 3 59.87 59.78 0.14
4 43.34 43.22 0.27 4 52.39 52.31 0.15
1 63.04 62.96 0.13 1 64.06 63.96 0.15
2 67.64 67.55 0.12 2 60.26 60.15 0.19
3 61.56 61.47 0.14 3 45.89 45.78 0.24
4 55.02 54.94 0.15 4 47.01 46.90 0.23
1 54.76 54.69 0.12 1 87.20 87.01 0.22
2 58.49 58.42 0.11 2 51.81 51.62 0.37
3 62.15 62.09 0.11 3 80.07 79.89 0.22
4 55.25 55.19 0.10 4 98.17 97.99 0.19
1 59.15 59.09 0.10 1 59.32 58.90 0.70
2 54.86 54.80 0.11 2 53.42 53.00 0.78
3 54.56 54.50 0.11 3 72.07 71.80 0.37
4 49.50 49.45 0.12 4 65.70 65.29 0.61
1 51.08 51.02 0.11 1 16.34 16.03 1.92
2 48.48 48.43 0.11 2 16.91 16.59 1.85
3 50.96 50.91 0.09 3 16.68 16.36 1.88
4 61.80 61.76 0.08 4 13.14 12.83 2.39
1 50.79 50.74 0.10
2 54.49 54.45 0.09
3 56.34 56.30 0.08
4 53.99 53.94 0.09
L17N
L18N
L14N
L15N
L16N
L11N
L12N
L13N
L8N
L9N
L10N
L5N
L6N
L7N
L2N
L3N
L4N
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At four points along the length, there are expansion joints in the decking.  These 
joints occur in the middle of cable sets L3, L7, L13, and L17.  The same is true for the 
north-side sets L3N, L7N, L13N and L17N.  These expansion joints run through the 
entire width of the deck. Based on the fact that these cables have the same material 
parameters and are very closely spaced, a uniform force value for all four cables within a 
set is expected.  These expansion joints help to explain why cables at these joints do not 
have uniform force values.  If the deck were continuous over these portions, higher 
uniformity among cables within these sets would be expected. 
High force variations within cable sets have the potential to negatively affect the 
integrity of the suspender cables, and possibly the entire structure.  Large force variations 
within the cable sets may cause twisting or moment in the bridge deck that it was not 
designed to handle.  Cable sets L3, L16N and L4N have the highest variations between 
low and high cable force of 61.15 kips, 46.36 kips, and 38.18 kips, respectively.  The 
average cable variation is 16.11 kips, with some cable sets having variations as low as 
0.40 kips for set L18.  These aforementioned cable sets with high variation should receive 
extra attention during inspections to ensure that the high force variations are not creating 
problems for the load support of the structure. 
The results of the percent change are where the effects of bending stiffness can be 
observed.  For the percent change results, the average percent change is 0.40%, with a 
maximum of 2.39%, as seen in cable L18N-4.  The shortest cables, L2, L2N, L18 and 
L18N, have the highest percent change values with an average of 1.82%.  Whereas, for 
the remainder of the cables (all cables except L2, L2N, L18, and L18N), the average 
percent change is 0.21%.  This trend is clearly observed in Figure 16. This amount of 
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change, less than 2.5%, means that the cable bending stiffness can be neglected.  Bending 
stiffness has the greatest effect on the shortest cables.  This is due to the fact that the 
cable cross-sectional area is relatively small and the length sufficiently long in all other 
cables.  If the length of the cable was shorter or cross-section was greater, the percent 
difference between the tension calculations using taut string theory and including bending 
stiffness would increase exponentially and it would be difficult to ignore the bending 
stiffness in the tension calculations.  It is observed from this study that the taut-string 
model without bending stiffness is sufficiently accurate for determining cable tension 
forces of the Arrigoni Bridge suspender cables. 
3.8 CONCLUSIONS 
 The research reported in this paper determined cable tensions among 134 
suspender cables of an in-service highway bridge in Connecticut. Two different methods 
were employed to determine the suspender cable tension measurements.  The first 
approach used taut-string theory and wave characteristics in order to employ a relatively 
simple equation for cable tension.  The second approach added onto this formulation by 
creating a non-dimensional set of equations that included effects of cable bending 
stiffness.  The cable tension was then determined by an exhaustive search of tensions to 
satisfy this equation. The first four natural frequencies were used to determine cable 
tensions and then averaged to give a single value for the cable tension.  The cable tension 
was determined using each of the approaches and the percent difference between the two 
methods was calculated to determine the effect of bending stiffness on the tension 
measurements.  Based on the small percent change, with a maximum of 2.39% and 
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average of 0.40%, it was determined that cable bending stiffness can be ignored for the 
cable tension estimation of the Arrigoni Bridge suspender cables.   
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CHAPTER 4 
 
4.1 INTRODUCTION 
 
 The ability to measure displacements, accelerations, loads, etc. of a structure or 
structural component allows a greater understanding of the response behavior of a 
structure.  This information helps determine structural health, maintenance schedules, 
construction planning, future design specifications and so many other areas that this 
information can be regarded as invaluable.    
Taking measurements on the weight of a vehicle crossing a bridge allows for the 
classification and quantification of loading on bridge structures that can be extremely 
helpful for many aspects of the bridge design and maintenance.  Bridge Weigh-in-Motion 
(BWIM) is one quickly expanding research topic area in the field of bridge engineering.  
As a desirable technique, structural response measurements can be used towards BWIM.  
These BWIM systems can use many different sensor types and arrangements to measure 
the bridge’s responses such as strain data and often use a calibrated model to estimate the 
static gross vehicle weight.  Currently, much of the BWIM techniques have been 
implemented on single span girders or beams of both steel and concrete construction.  
They have also been extended to continuous spans, slab decks and beam and slab systems 
[1-4].  These systems have many advantages such as measuring the weight of vehicles 
without disturbing traffic flow and significantly reducing the costs as compared to a static 
weigh station [5-6].  One of the goals of this study is to extend the application of BWIM 
to steel truss arch suspension bridges.  
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 The mechanism for the load transfer in the truss arch suspension bridge is 
different compared to the common beam type bridges that necessitate development of 
other appropriate BWIM systems for these bridges.  This type of bridge is designed to be 
determinant, where each section of suspender cables carries the panel sections nearest it.  
These suspender cables have been studied for years and can have very simple dynamics 
that allow for the cable tension force to be estimated from the cable’s vibration [4, 7].  
Taking advantage of the system’s dynamics, the cable’s acceleration can be used to 
measure a vehicle’s effect on the cable tension force, and ultimately perform as a BWIM 
system for the bridge. 
 From another perspective, cable supported structures have been previously 
studied to analyze and identify damage in these structures.  Researchers have looked at 
identifying the loss of cable tension and it’s relation to deck damages [8], as well as how 
damage in the girders of a bridge causes force redistribution in suspender cables [9].  
These applications alongside the potential applicability of a BWIM system create a large 
number of possibilities for a system that could potentially analyze all of these issues by 
collecting only cable acceleration data.   
 For the majority of health monitoring applications, only the frequency content of 
acceleration data is needed.  For BWIM applications, the time axis should be retrieved to 
enable the measurement of the temporal variations of cable tension forces.  Another way 
that system dynamics have been studied is by looking at the power spectrogram of the 
signal.  Spectrograms allow for time-frequency analysis of a signal so that the time-
varying nature of the signal is not lost, as it is in the Power Spectral Density (PSD) 
analyses.  The transformation that is used in spectrograms is a discrete time Short Time 
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Fourier Transform (STFT).  Signal spectrograms have been used to analyze a wide range 
of problems.  Crack detection of a concrete beam, identification of frequency jumps and 
differentiating nearly identical musical instrument signals are sample applications of 
spectrograms to look at the time-frequency behavior of these systems [10-11].  Extending 
the applications of STFT analysis to suspender cables will enhance the ability to generate 
critical information about a bridge loading and its response. 
 The overall goal of this study is to develop and validate a method that enables 
determining time-varying tension forces exhibited in the suspender cable only through 
measuring the ambient vibration data of the cables.  To this end, discrete time STFTs will 
be used to analyze the acceleration time histories in a time-frequency domain, such that 
the varying cable tension force is identified.  An analytical model of the cable system will 
be developed in order to match the experimental dynamics to the analytical model, such 
that the cable tension force can be evaluated.  This information will be used to estimate 
the weight and speed of passing vehicles for a case study bridge with the potential for 
BWIM applications.  The method analyzes a set of comprehensive acceleration time 
history data collected from the suspender cables of a steel arch suspension bridge to 
examine its robustness. 
4.2 CABLE TENSION FORCE VARIATION OVER TIME 
 
The following section provides the procedure for how cable tension forces over 
time can be determined from acceleration data of a suspender cable.  First, all of the 
components of the analytical model will be presented.  They model is representative of 
the experimental dynamics of the real system.  Secondly, the approach for how to 
transform the experimental acceleration data into a PSD plot will be presented.  Finally, 
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the approach for determining cable tension force changes over time is presented.  The 
approach compares the analytical model to the experimental PSD by varying the tension 
force in the analytical model.  The most suitable value, as determined by the equations 
presented, is chosen as the cable tension force for a specific window segment of the data.      
4.2.1 ANALYTICAL MODEL 
 
 In order to be able to model the dynamics of the experimental system, an 
analytical model needs to be developed.  The system is a single suspender cable that has 
an axial tension force and also has bending stiffness in the suspender cable.  In order to 
develop mass and stiffness matrices of this system, it is considered to undergo an 
arbitrary forcing function, which allows for these matrices to be developed by 
implementing orthogonality properties to determine the modal mass and modal stiffness 
expressions for the rth mode.  The analytic model for this system is presented below in 
Figure 17. 
 
 
Figure 17. Analytic Model 
 Based on the free body diagram of an infinitesimally small section of the beam 
produces the equation of motion for the given system: 
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_` ,  E ]6a, ^  ,   b,      (4.1) 
where ρ is the material density, A is the cross-sectional area,  ,  is the second 
derivative of transverse position with respect to time, EI is the bending stiffness of the 
suspender, ,  is the second derivative of transverse position with respect to 
longitudinal position, T is the tension force in the cable and b,  is an arbitrary forcing 
function acting on the system.  From the equation of motion, the frequency equation can 
be derived by representing the equation in terms of the normal modes, Hc, to obtain 
the frequency equation: 
]6aHc^  Hc  &c_`Hc      (4.2) 
where &c is the rth natural frequency of the system in radians per second and Hc is 
the rth mode shape.  In order to derive the orthogonality property for this system, both 
sides of Equation 4.2 are multiplied by HV, where HV d Hc, and then integrated 
from 0 to L, resulting in the following expression: 
* ]6aHc^HV"/ .  * HcHV"/ .  &c * _`HcHV"/ .  (4.3) 
Equation 4.3 can be solved by performing integration by parts on each of the integrals on 
the left hand side of the equation.  Starting with the EI term reveals that by performing 
integration by parts this expression simplifies down to the following form when 
considering only fixed, hinged or free boundary conditions: 
* ]6aHc^HV"/ .  * 6aHcHV"/ .    (4.4) 
Doing the same procedure for the T term results in the following expression: 
* HcHV"/ .  * HcHV"/ .     (4.5) 
Substitution Equations 4.4 and 4.5 into their respective sections of Equation 4.3 results 
in: 
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* 6aHcHV"/ . E * HcHV"/ .  &c * _`HcHV"/ .  (4.6) 
Performing the same procedure as described above, but writing it in terms of HV 
instead of  Hc results in another expression as follows: 
* 6aHcHV"/ . E * HcHV"/ .  &V * _`HcHV"/ .  (4.7) 
Subtracting Equation 4.7 from Equation 4.6 results in the following: 
&c  &V * _`HcHV"/  0       (4.8) 
When &c d &V, the orthogonality property with respect to the mass distribution is given 
by the integral in Equation 4.8 equal to zero.  Using the fact that the integral is equal to 
zero and substituting that into Equation 4.3 results in the orthogonality property with 
respect to the stiffness distribution given by the left hand side of Equation 4.3.  The mass 
and stiffness properties are orthogonal and thus are equal to zero when e d L and have 
values for the generalized modal mass, Mr, and generalized modal stiffness, Kr, when 
e  L which are defined by the following expressions for the rth mode: 
=c  * _`Hc"/ .        (4.9) 
Qc  * 6a]Hc^."/ E * Hc."/       (4.10) 
With expressions for the modal mass and modal stiffness derived, using an 
appropriate expression for the mode shape, Hc, allows the expressions in Equations 
4.9 and 4.10 to be completely evaluated for the system under consideration.  For a 
suspender cable pinned at both ends, the rth mode shape is comprised of r half sine 
waves, which can be expressed as: 
Hc  sin !c " #         (4.11) 
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Substituting Equation 4.11 into Equations 4.9 and 4.10 reveals the final form of the 
modal mass and modal stiffness of the system for the rth mode: 
=c  hi"           (4.12) 
Qc   Z[c
; ;
"j E  c

 

"         (4.13) 
The expressions in Equations 4.12 and 4.13 will be used to generate mass and stiffness 
matrices for the analytical model.   
Next, damping for the analytical model is considered.  With the modal mass and 
natural frequencies determined, it is possible to develop the modal damping matrix for 
the system, Cr, from structural dynamics principles such that: 
kc  2=c&clc         (4.14) 
where lc is the damping coefficient for the rth mode.  The natural frequencies, ωr, which 
will be used in equation 4.14 are derived by Tedesco [13] and given by the following 
equation: 
&c  !c " #
 @Z[hi E c " @ hi        (4.15) 
The analytical system now has clearly defined mass, stiffness and damping equations that 
will be used to develop state-space equations which will be used to determine the 
frequency response function of the analytical model.  As a reminder, the modal mass and 
modal stiffness matrices derivation required that the position output, y(x,t), be 
represented by generalized displacements such that: 
,   ∑ Hc Ic        (4.16) 
where qr(t) are the generalized displacements of the system.  The equation of motion for 
the modal system is given by the following equation in matrix form: 
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=cI E kcIm E QcI  nc        (4.17) 
where Pr is the modal force matrix of the system.  The definition of the modal force 
matrix is given by the following: 
nc  * b, "/ Hc.        (4.18) 
where F(x,t) is the forcing function matrix described by the sum of the modal forces by: 
b,   H E H E o E $H$    (4.19) 
where f1(t), f2(t), …, fn(t) are the forcing function at the first, second and nth modes 
respectively.  In this expression, n represents the number of modes considered for the 
analytical model.  Substituting Equation 19 into Equation 4.18 reveals: 
nc  * pH E H E o E $H$q"/ Hc.   (4.20) 
Because the mode shapes are orthogonal, Pr has only one term at a time that evaluates to 
a non-zero value.  Using that fact to simplify Equation 4.20 allows for the final form: 
nc  * c"/ Hc.        (4.21) 
From previous experience with the modal mass matrix and using the same shape 
function,  Hc  sin !c " #, allows for the solution to Equation 4.21 to become: 
nc  c "          (4.22) 
If we now consider only one forcing function, f(t), we can implement alpha values that 
scale the participation of the forcing function for each mode.  This results in the 
following form: 
nc  rc "          (4.23) 
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where αr is the forcing function participation for the rth mode.  Substituting Equation 
4.23 into the equation of motion results in new form of the equation of motion which 
allows different forcing function participating factors for each mode: 
  =cI E kcIm E QcI  rc "       (4.24) 
Equation 4.24 can be rewritten into a state space equation, while also simplifying terms, 
which will be utilized to determine the frequency response function of the analytical 
model: 
sImcIct  s
0cc a.cc
=c,Qc =c,kct 7
IcImc9 E
uv
vv
w 0ccx"
y 0z
0 x{"y{|
}}
}
~
   (4.25) 
where Id is the identity matrix of size r by r.  With the state space equation determined, it 
is now important to develop the correct output equation for the system.  The parameter of 
interest is the physical response of the system, y(x,t).  All of the parameters in the state 
matrix are in terms of modal quantities and need to be transformed back into the physical 
space.  Thus, the output equation for this system is determined by the decoupling 
equation that was used to determine the modal system, ,   ∑ Hc Ic.   
W  ]HcWc 0c^ 7IcImc9 E 0    (4.26) 
where xout is the location at which the response of the system along the length is needed.  
These state space equations can be used to determine the frequency response functions at 
a given location, xout, along the length, which will allow for the power spectral density 
function to be computed under appropriate assumptions. 
 From the state space equation and the output equation, Equations 4.25 and 4.26, a 
Bode plot of the input output frequency response functions can be obtained.  The result of 
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the Bode plot is r magnitude and phase plots, one for each of the input forces, from their 
corresponding alpha values.  Of interest is the total frequency response function of the 
system, each of these individual FRF’s need to be added together.  Because the modes are 
completely orthogonal, superposition of the individual FRF’s can be used to determine 
the complete FRF of the analytical model.  The end goal of this analysis is to be able to 
generate a Power Spectral Density (PSD) plot of the system under ideal white noise 
input.  The white noise input is an assumption that is important to be able to get the PSD 
plot from the FRF of the state-space equations.  Under ideal white noise, all of the 
frequencies within the band of interest are equally excited.  The definition of an FRF, 
G(ω,T), is defined by: 
0&,   ,,         (4.27) 
where Y(ω,T) is the Fourier Transform of the output and U(ω,T) is the Fourier Transform 
of the input.  Because the input is assumed to be ideal white noise, the Fourier Transform 
of the input time history does not change over the range of frequency values and is thus a 
constant value.  For simplicity, assume that U(ω,T) = 1, that the Fourier Transform 
magnitude for the input is 1 for all values of ω.  Equation 4.27 is simplified to show that 
G(ω,T) = Y(ω,T).  Thus, the FRF generated from the Bode plot can be used as the Fourier 
Transform of the output.  For the equations presented above, it is important to remember 
that the value of T used in building the analytical model determines what the solution to 
Equation 4.27 will be and thus the spacing of the natural frequencies of the experimental 
system. 
 The Fourier Transform of the output is not sufficient to represent the PSD plot of 
the output energy.  Therefore, a few more relationships need to be utilized to evaluate the 
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PSD plot of the output of the analytical model.  The following definition allows a Fourier 
Transform to be modified into a PSD by the following process.  The conversion from 
Fourier Transform to PSD requires taking the magnitude of the Fourier Transform, 
dividing by the length of the Fourier Transform and squaring the resultant to convert the 
signal to power.  The end result of these three operations looks as follows: 
0&,   ! |,|U$Y|,|#

       (4.28) 
where Gxx(ω,T) is the PSD of G(ω,T).  Gxx(ω,T) will be compared to the PSD of the 
experimental acceleration values, Pxx(ω, p), which are further explained in the following 
section.  The comparison of these two PSDs will show that the analytical results match 
the experimental results and that the analytical model can be used to estimate the tension 
force, T, in the cable at any time within the acceleration time history recorded on a 
bridge.   
4.2.2 EXPERIMENTAL POWER SPECTRAL DENSITY 
 
The previous section discussed how to generate a PSD for the analytical model 
that is being used in this analysis.  The current section will show how a PSD can be 
generated from experimental data, such that the two systems can be adequately compared 
and thus the algorithm developed in the next section can be used to accurately determine 
cable tension force changes over time.   
For a given acceleration time history, , it is possible to use transformation 
mathematics that allow for both time and frequency resolution concurrently.  Temporal 
resolution is important because the changes in frequency content of the signal need to be 
observed over time.  Being able to analyze the signal over time and frequency domains 
together makes it possible to fully understand the short-term behavior of a signal.  The 
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process by which this acceleration data can be transformed is by a discrete time Short-
Time Fourier Transform (STFT).  The original Fourier Transform performs a 
transformation on the whole data set.  The way in which a STFT works is that it takes the 
entire data set and sections it into small windows that are then analyzed by discrete 
Fourier Transforms.  In order to increase the number of segments, these window 
segments are overlapped.  The mathematical equation for the STFT is as follows: 
) &,   ∑ ∑ p'$q+,-$∆$J/J       (4.29)  
where ) &,  is the acceleration signal in the frequency domain, ω is the specific 
frequency at which the transform is being performed, p is the window number, Nw is the 
total number of windows, N is the total number of points used in the Fourier Transform, 
wpn is the value for the window at a given window segment and data point, O  √1 and 
∆t is the time step.  wpn is selected to be a Hamming window which is described by the 
following equation: 
$  0.54  0.46 cos ! $,#       (4.30) 
What Equation 4.29 does is perform Fourier Transforms on many windowed segments of 
the data set.  From Equation 4.29, generating a PSD from the Fourier Transformed 
accelerations is important.  The process is identical to Equation 4.28, in which the 
analytical Fourier Transform was turned into a PSD.  The equation for the experimental 
PSD is as follows: 
n&,   !| ,| #

        (4.31) 
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where Pxx(ω,p) is the PSD of the experimental data.  This PSD indicates which 
frequencies are the most energetic at the specific time because large spikes in the PSD are 
visible at the most excited frequencies due to resonance of the cable.   
 
4.2.3 CABLE TENSION FORCE AT A SPECIFIC TIME (BETA ALGORITHM) 
  
With the PSD function for both the analytical and experimental setups, it is 
important to discuss how to determine changes in a cable’s tension force.  For this type of 
analysis, the time resolution of the results need to be high, and thus the signal is split into 
hundreds of window segments and thus an automated approach is required.  These 
requirements can be effectively satisfied by a fitness parameter, , which can be 
evaluated by the following integral: 
,   * n&,  /  0&, .&      (4.32) 
where fs is the sampling frequency in Hertz.  As a note, the final results in this paper will 
be presented in units of Hertz.  The main strength of the analytic PSD, Gxx(ω,T), is that it 
is easily modified by the estimated cable tension force T.  This change in the tension 
force influences the modal stiffness and modal damping matrices, Kr and Cr respectively.  
These two matrices in turn modify the state matrix of the state-space equations.  The 
overall effect of these changes is that the peak locations shift to higher frequencies for a 
higher tension force and the peak locations shift lower for lower tension forces.  Taking 
advantage of this relationship, a range of cable tension force values can be evaluated.  
Being able to evaluate many different values for T creates a set of candidate  values.  As 
an important note, Pxx(ω, p) does not change for a static p value.  The value of cable 
tension force that results in the maximum value for β, βmax, defines the most probable 
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cable tension force for a specific window, p.  This process can be repeated over all the 
windowed segments to determine the cable tension force change over time. 
It is possible that these measurements may be able to be used for BWIM 
applications or to better understand the in-situ fatigue life of the cables by being able to 
very accurately determine the true stress ranges that cables undergo.  These potential 
applications will be further discussed in a case study of the Arrigoni Bridge in the 
following section. 
4.3 CASE STUDY – THE ARRIGONI BRIDGE 
 
 In this study, the Arrigoni Bridge was selected for testing because it is a steel truss 
suspension bridge and it has very straightforward design assumptions.  This bridge will 
serve to verify the theoretical aspects of this report by giving experimental results for an 
in-service highway bridge.  The bridge information and cable parameters will be 
presented in the following sections to describe the bridge. 
4.3.1 ARRIGONI BRIDGE 
 
 The Arrigoni Bridge is a steel arch suspension bridge that connects Middletown 
and Portland, Connecticut, crossing the Connecticut River.  The bridge deck is supported 
by vertical helical suspenders that connect the bridge deck to the superstructure steel 
truss.  The Arrigoni Bridge has a daily traffic volume of 33,600 and is the only river 
crossing for more than 10 miles in either direction, making it an important part of the 
local transportation network.  A picture of the bridge is shown below in Figure 18. 
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Figure 18. Arrigoni Bridge 
 There are two main spans, 600 feet each in length, which span the river.  In this 
study, only one of the spans is tested, but similarities in these spans have the potential for 
similar results along the untested span as well.  The posted speed limit on the Arrigoni 
Bridge is shown on the bridge as 35mph.   
4.3.2 CABLE PARAMETERS 
 
 The cable lengths were determined from the bridge plans provided by the 
Connecticut Department of Transportation and verified during a site visit.  The lengths of 
the four cables in each cable set are assumed to be identical.   
Table 9. Cable Lengths 
 
 
The Arrigoni Bridge suspender cables were examined in 2007 [12].  At that time, 
the cables were inspected by magnetic flux non-destructive testing to determine the 
overall health condition of the suspender cables.  Due to the results of that investigation, 
the suspender cables in this report will be treated as having the full cross-sectional area of 
the cables at installation.  The cross-sectional area of the cables is determined by ASTM 
Cable Set L2/L18 L3/L17 L4/L16 L5/L15 L6/L14 L7/L13 L8/L12 L9/L11 L10
Length (ft) 11 26 39 50 59 66 71 74 75
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A586 to be 1.59 in2 with a diameter of 1.625 inches.  The cross-section of the cables is 
shown in Figure 19.   
 
Figure 19. Cable Cross-Section [12] 
 
The mass per unit length of the cables is determined using the cable material 
density multiplied by the cross-sectional area.  The cables are assumed to have been 
made of standard structural steel, which has a density of 490 lb/ft3.  This results in a 
weight per unit length of 5.41 lb/ft and a mass per unit length of 0.168 lb-s2/ft2.  As stated 
in ASTM A586, the minimum Young’s modulus of the cables is 24,000 ksi.  For the 
analysis, the minimum required value of 24,000 ksi will be used in the analysis.   
The overall layout of the suspenders is important to the applicability of a potential 
BWIM system.  The cable numbers line up with vertical sections of the steel truss and 
consist of numbers 2 through 18.  Within each cable set, the individual cables are labeled 
numbers 1 through 4, starting in the SW corner and continuing clockwise.  Cable sets are 
equally spaced at 30 feet over the entire length of the span.  Figure 20 shows the labeling 
convention.   
 
Figure 20. Suspender Cable Layout 
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4.3.3 SENSORS AND DATA ACQUISITION 
 
A Bridge Diagnostics Incorporated (BDI) Structural Testing System Wireless 
(STS-WiFi) system is used to collect the cable vibration measurements.  The system is 
comprised of one Base Station, three Nodes, twelve 50g accelerometers, and one Laptop 
PC.  The STS-WiFi Base Station aggregates the data and then transmits data wirelessly to 
the PC where the data can be viewed and stored.  Data is collected at a sampling rate of 
100 Hz under normal ambient traffic and wind conditions.  The accelerometers are 
attached to the suspender cables with velcro straps at 5 feet above the bridge deck which 
is 9.5 feet above the bottom of the cable.  The accelerometers are oriented in the North-
South direction (transverse to the roadway) on the cables.  A picture of the system on the 
Arrigoni Bridge can be found below in Figure 21. 
 
 
Figure 21. STS-WiFi System on Arrigoni Bridge 
 
 It is important to note how the data is collected.  This data is recorded during 
ambient traffic conditions with no requirements of the type of traffic, excitation, etc.  
Because of this, only a limited amount of the data has suitable vibrations such that the 
method presented below works.  For future study, a truck of known weight should be 
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used to determine the effects of a specific vehicle versus the ambient non-specific event 
data that is presented in this study. 
 
4.4 RESULTS OF THE CASE STUDY 
 
 The results section will look at the analysis of a subset of the total cables on the 
Arrigoni Bridge.  Cable sets L5, L6 and L7 on the South side of the span are used to 
present the analysis and discuss the results.  The acceleration data for these cables are 
collected synchronously.  These cables have been selected because of how distinct the 
vibration modes are in a spectrogram analysis of the time history data.  Figure 22 shows 
the acceleration time history of each of the cables in each cable set. 
 
Figure 22. Acceleration Time Histories 
 
The transformation of the experimental data into the time-frequency domain has 
the greatest influence on the effectiveness of the procedure to be able to accurately 
evaluate cable tension force changes.  In order to maximize the potential for success, 
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many parameters were studied to determine what results in the most usable 
transformation for this data.  These parameters include window size, window overlap, 
and FFT point.  Based on the study of these parameters, the STFTs are generated using a 
Hamming window of 256 data points in size, with a 90% window overlap.  The 90% 
window overlap is selected to increase the temporal resolution of the spectrogram by 
creating more windowed segments than the more standard 50% window overlap.  Also, a 
FFT point of 256 is used in the STFT to perform the time-frequency transformation.  
There is a tradeoff between the time resolution and the tension force resolution.  The 
above parameters were selected to balance these competing interests.  Table 10 presents 
the different parameters that were examined, along with their subsequent time and force 
resolutions.  The highlighted parameters were the ones used in this analysis with a time 
resolution, ∆t, of 0.2596 seconds and a force resolution, ∆T, of 0.39 kips. 
 
Table 10. Time and Force Resolution for Different Window Sizes 
Window Size 
(# of points) 
Fourier Transform 
Point (#) 
Δt 
(seconds) 
ΔT 
(kips) 
64 64 0.0599 1.57 
128 128 0.1298 0.78 
256 256 0.2596 0.39 
512 512 0.5092 0.19 
 
The tension force changes in cables L5-1 and L5-2 cannot be measured.  There 
are a few different reasons for this.  In cables L5-1 and L5-2, none of the modes have 
strong magnitude values for the PSD at any frequency values.  Another reason that these 
data sets have difficulty is the amount of energy that is present in between the cable 
natural frequencies.  For cables L5-1 and L5-2, the natural frequency energy bleeds 
between two natural frequencies.  This affects the algorithm such that it cannot identify 
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the cable’s tension force accurately at times when the energy between natural frequencies 
is too great.   
The forcing function participation factors, αr, were determined by comparing the 
experimental PSD, Pxx(ω, p), to the analytic PSD, Gxx(ω,T).  Table 11 presents the αr 
values that were used for each of the modes considered in this system.  Figure 23 depicts 
the comparison between the experimental PSD and analytic PSD for one of the cables to 
show how closely the analytic and experimental results are able to match.  For this 
analysis, only the first four modes of vibration were considered in the analytical model.  
This is shown by the steep drop off of the analytic PSD after the fourth mode and the fact 
that there are only four alpha values being used. 
 
Table 11. Alpha Values for Each Cable Set 
Cable Set α1 α2 α3 α4 
L5 0.05 0.25 0.50 1.00 
L6 0.10 0.25 0.30 0.50 
L7 0.05 0.25 0.50 0.75 
 
Figure 23. Comparison between Analytic and Experimental PSDs 
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In determining the effective range of the beta factor, the values of T are evaluated 
are based on the approximate cable tension force of the cable.  From the spectrogram, the 
approximate value for the cable’s fundamental frequency, Ta, can be determined by visual 
inspection.  The range of candidate frequencies, T, used for every time step is defined as 
follows: 
 
0.9    1.1  ++e 0.001      (4.33) 
 
where Ta is the approximate fundamental frequency from the spectrogram and T is the set 
of candidate cable tension forces for the analytical model PSD, 0&, .  The 
coefficients 0.9 and 1.1 were determined by trial and error.  These lower and upper 
bounds allow for a change of ±10% in the cable tension.  In all of the cables studied, the 
variation was not more than 6% and so the bounds of ±10% do not constrain the solutions 
that the algorithm evaluated.  The values for T were evaluated at every 0.001Ta to ensure 
that the maximum beta value could be determined with sufficient accuracy.   
 The procedure for determining cable force changes was followed as previously 
described.  The end result of these calculations is the following figure.  Figure 24 shows 
the tension force estimation for each of the cables that could be analyzed.  Although the 
cables can have very different tension forces ranging from approximately 35 kips to 51 
kips, all of the graphs show a spike in the data between 0 and 5 seconds.  This indicates 
that there was a truck crossing at this time.  Discussion for determining the vehicle 
weight and the vehicle speed are detailed in the following sections.   
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Figure 24. Cable Tension Force Change over Time 
  
4.4.1 VEHICLE WEIGHT ESTIMATION 
  
Now that the force changes over time have been determined for these cables, it 
becomes important to examine what information can be deduced by looking at these 
results.  One of the goals for this experimentation is to determine if it is possible to 
develop Bridge Weigh-in-Motion for suspension type bridges by monitoring the cable 
vibration.  As was mentioned previously, there is definitely a larger event that occurs 
between 0 and 5 seconds.  This event will get closer attention to evaluate the measured 
vehicle weight.  Combining each of the graphs in Figure 24 into a figure for cable set L5, 
L6 and L7 shows the consistent nature of the event across the ten cables that were 
measured.  The graphs in Figure 25 show that the shape of the event is similar for cables 
within the same set, but that the magnitudes of the tension force change vary.  The values 
of the peak force change are located in Table 12. 
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Figure 25. Truck Weight Information 
 
Table 12. Peak Force Change Results 
Cable Set Peak Force Change (k) 
L5 - - 2.037 1.673 
L6 1.579 1.344 2.141 2.194 
L7 2.055 2.015 2.169 1.803 
     
 
1 2 3 4 
 
Cable Number 
 
Taking the average cable force and multiplying by the four cables within the set 
reveals vehicle weight estimates of 7.420, 7.258 and 8.042 kips respectively.  Because all 
four values for cable set L5 are not present, these values are making an estimate with 
only half of the information present.  The values between any of the cable sets are not 
perfect matches and should be considered as approximate vehicle weights.  Due to the 
current test setup, the vehicles crossing the bridge are all of unknown weight.  This 
means that the values for the vehicle weight estimate should be taken as non-calibrated 
and that future testing will include a truck of known weight to evaluate the accuracy of 
this vehicle weight estimation technique.   
Based on these force estimation results and the graphs in Figure 24, it is 
recommended to select a higher sampling frequency than was used in this trial.  At the 
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current sampling frequency of 100Hz, with the spectrogram parameters identified 
previously, the temporal resolution of the graphs in Figure 24 is 0.259 seconds.  It is 
recommended to use a higher sampling frequency so that the time resolution could be 
improved.  A faster sampling rate would be able to capture more data points during the 
time of a vehicle crossing, which would allow for a higher Fourier Transform point and 
thus more points in the same window segment, which would allow for a much more 
accurate experimental PSD.  This would make both the peak location and maximum force 
change more easily identifiable.  Based on this information, it is recommended that a 
sampling frequency of at least 400Hz be used to identify vehicle weights. 
The implications of being able to measure vehicle weights dynamically have long 
reaching applicability.  One of the notable areas would be in Bridge Weigh-in-Motion.  
Once the system has been calibrated using a truck of known weight, it would be possible 
to measure for overweight trucks and to develop a much better understanding of the daily 
vehicle loading on the bridge.   
Another implication of being able to measure the vehicle weights in the form of 
changing cable frequency is in the area of cable fatigue.  The axial fatigue depends on the 
stress range under which the cable is exerted.  Using these methods would allow the 
bridge owner to get a very complete picture of the cable stress range and be able to better 
prepare for the eventual suspender cable replacement.   
  
4.4.2 VEHICLE SPEED ESTIMATION 
 
 Other than the vehicle weight, the vehicle speed is another important factor that 
comes into play for the bridge response, pavement wear and many other considerations as 
well.  The way in which the cable force changes were measured does not allow for 
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vehicle speeds to be estimated, but the potential is there if a much higher sampling 
frequency were used.  Zooming in on the event of interest, it is possible to see in Figure 
26 that these peaks are staggered over each cable set.  As the cables sets are evenly 
spaced at 30 feet, the lag in peak values represents the amount of time it took the vehicle 
to travel between these cable sections.  As in the vehicle weight estimation, nothing is 
known about the vehicle’s speed and so field testing with a truck of known speed is 
required to assess the validity of this result.   
 
 
Figure 26. Vehicle Speed Estimation 
 
 There is an issue with the speed resolution of the current setup.  In the current 
setup, the measured cables are spaced at 30 feet.  The data is sampled at 100 Hz and the 
spectrogram is generated by a 256 data point window with 90% overlap.  All of these 
parameters create a time resolution of 0.259 seconds.  Based on the current measurement 
locations and a vehicle traveling at the posted speed limit of 35 mph, if the peak location 
were inaccurate by plus or minus one time step, this result would have a lower speed 24.3 
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mph and a higher speed of 62.9 mph, which is not an accurate measurement.  There are 
two different ways to address this issue.  The first solution is to increase the sampling rate 
of data collection to at least 400Hz.  This is the same recommendation as the vehicle 
weight estimation and would thus improve both estimations.  The better solution for the 
speed estimation, however, is to increase the distance between the monitored cable sets.  
It is recommended that the accelerometers be placed at the quarter span and three quarters 
span locations, cable sets L5 and L15, so that the measurement locations would be spaced 
by 300 feet instead of 30 feet.  For the same inaccuracy of one time step, the estimated 
vehicle speed would now be much more accurate at 35 mph ± 1.6 mph.  The result is now 
accurate to within 2 mph and would be very useful in monitoring vehicle speeds.  It is 
recommended that sensors also be placed on the North side cable set L5 or L15 to try to 
quantify whether or not any of the load travels to the North side of the bridge and if so, 
what percent of the total vehicle weight. 
 Being able to accurately measure the vehicle speeds would give the bridge owner 
more information about how fast heavy vehicle traffic crosses the bridge and allow the 
bridge owner to put measures into effect to increase the safety and elongate the lifespan 
of the pavement, which can be damaged by fast moving heavy trucks. 
 
4.5 CONCLUSIONS AND FUTURE WORK 
 
 In this study, novel methods are presented to look at tension force change in 
suspender cables over time.  This estimation process uses acceleration data to generate a 
PSD that can be evaluated by an algorithm which uses an analytical model of the cable to 
determine how the cable tension force changes in time.  Many trial tension forces are then 
used to evaluate the fit between the analytical model and experimental data for each 
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window segment.  Once all these steps have been performed, the force change behavior 
can be examined.  The Arrigoni Bridge was used as a case study to determine the 
effectiveness and applicability of these methods. 
 The acceleration data of three cable sets, L5, L6 and L7 is examined.  The force 
change over time is able to be identified for 10 of the 12 cables in consideration. 
Reasoning for why cables L5-1 and L5-2 didn’t work are presented.  A specific vehicle 
event is further analyzed to examine the ability to estimate dynamic vehicle weight.   
 Based on the results of this experimentation, it is recommended that in future 
work a truck of known weight and known speed be used in the testing to determine the 
accuracy of the vehicle dynamic weight estimation and vehicle speed estimation. Also, 
the sampling rate of the cable vibration should be 400 Hz or greater to ensure enough 
data points within a short period of time for transformation into the time-frequency 
domain.  This would allow the algorithm to more accurately determine the peak change 
location and magnitude.  Finally, it is recommended to place the accelerometers at the 
quarter and three quarters length positions of the span to ensure much higher vehicle 
speed resolution.  Also, one cable set on the North side of the span (L5 or L15) should be 
analyzed as well to determine how much load transfers to the cables further from the 
vehicle.    
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CHAPTER 5: CONCLUSIONS 
 The previous three chapters presented three different studies performed using 
acceleration measurements of the suspender cables of an in-service highway bridge, the 
Arrigoni Bridge.  Each of these studies required analytical models to be built that were 
able to appropriately model the suspender cable behavior important to each study.   
 Chapter 2 focused on determining cable tension forces using a taut-string 
approximation of the cables.  The acceleration data was collected and analyzed in the 
frequency domain, using the first four natural frequencies of the cable ambient vibration 
to provide a measure of redundancy in the approximation.  For the analysis, two different 
sets of data were collected, one during an initial visit and a second set which was 
collected during construction on the bridge where approximately half of the South deck 
had been removed for replacement.  The initial visit was used to determine baseline 
tension force values for each of the cables.  Comparing the results of the two testing 
scenarios, it was determined that the changes to the system caused localized changes in 
the cable tension forces.  Essentially, the cables closest to the removed deck had the 
highest reductions of cable tension force.  Changes in the forces of the North side cables 
were also identified, but these changes were mostly due to redistributing forces within a 
set of four cables at the same location and the overall force in the set of cables was 
approximately preserved.  Another factor that was studied was generating a displacement 
RMS from the acceleration data.  The results of this analysis showed that there is not any 
observable relationship between displacement RMS and the cable natural frequency, 
cable tension force or cable length.   
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 Chapter 3 also looked at determining cable tension forces from the acceleration 
measurements.  In this chapter, however, another analytical model was introduced that 
included cable bending stiffness.  Thus, a taut-string model and a bending stiffness model 
were examined.  Equations for determining cable tension forces using each model were 
presented to compare the two model’s force estimation results.  To generate the results, 
the first four natural frequencies were used to determine four independent estimations of 
the cable tension force which were then averaged together to provide a better 
approximation of the cable tension force based on multiple modes.  Finally, the two 
analytical models were compared to look at the percent difference between the two 
models.  It was found that the maximum difference between the two models was 2.39%, 
with an average difference of 0.40%.  Based on these small percent differences, it was 
determined that the cable bending stiffness could be ignored for the suspender cables of 
the Arrigoni Bridge and that the taut-string approximation was sufficient for the first four 
natural frequencies of the bridge for estimating cable tension forces.   
 In Chapters 2 and 3, the estimation for the cable tension force was estimated at 
one number for the whole time history and served as a static estimation of the cable 
tension force.  In Chapter 4, it was determined that the time varying behavior of the 
acceleration measurements be analyzed to estimate the cable tension force over time.  For 
this section, discrete time Short Time Fourier Transforms were used to transform the 
acceleration time history into a time-frequency domain.  Also, an analytical model was 
developed that would be used to compared the experimental Power Spectral Density 
function of the analytical system to the experimental results.  From this point, an 
algorithm was used that varied the cable tension force of the analytical system to find the 
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best fit cable tension force that satisfied the experimental Power Spectral Density 
function at a given window segment.  After the methods were presented, the acceleration 
measurements of the suspender cables of the Arrigoni Bridge were used as a case study to 
evaluate the proposed methods.  The analysis was capable of identifying a vehicle 
crossing and to estimate the dynamic weight of the vehicle.  Recommendations to 
improve the success of this approach included collecting data with a truck of known 
weight and known speed.  The applicability for these methods to be used for Bridge 
Weigh-in-Motion was discussed.   
 Each of these sections relies on a strong understanding of the underlying 
dynamics of the system.  Multiple analytical models were developed for various reasons 
to be able to appropriately model the suspender cable system.  Throughout these studies, 
there is a recurring theme of modeling cable dynamics for the Arrigoni Bridge, which 
were used to measure cable tension forces for multiple applications.   
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APPENDIX A – CONSIDERATION OF BENDING STIFFNESS 
 
 This section details the theoretical background for analyzing cables including bending 
stiffness of the cables.  This problem was explored in detail to try to involve higher order modes 
and shorter cables to try to see significant changes in the force determination using bending 
stiffness.  As stated previously in the report, the inclusion of bending stiffness made little to no 
change on the values with a maximum of about 2% change on the higher order modes for the 
shorter cables.  This is due to the relatively small cross-sectional area of 0.01351 ft2.  Due to 
negligible contribution, the effects of bending stiffness were ignored in the main report.  It 
should be noted, however, that the simple taut-string solution provides an upper limit solution to 
the problem of cable tension estimation.  
To begin, a uniform flat-sag cable anchored on supports is shown in Figure 27 below. 
 
Figure 27. Coordinate System 
The nondimensional equation of motion for the in-plane transverse cable motion of vertical 
cables is given in the Irvine book: 
 ,  E m ,  E F
 
 ,    
 ,   0    (A1) 
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Simplifying the equation of motion, Equation A1, since no damping or sag is assumed: 
 ,  E F
 
 ,    
 ,   0      (A2) 
Using a Galerkin method, the motion of the cable may be computed using a finite series 
approximation where the function w(x,t) is given an assumed mode approximation such as: 
,   ∑ H-I--J         (A3) 
Where qj(t) are the generalized displacements and the φj(x) are a set of shape functions that are 
continuous with piecewise continuous slope and that satisfy the geometric boundary conditions: 
H-0  H-1  0           
A sine series may be used for the shape functions, φj(x), as follows: 
H-  LM'NO, O  1, 2, … ,        (A4) 
Substituting the shape functions into Equation A2 and simplifying results into a matrix form: 
=I E QI  0         (A5) 
with mass M = [mij] and stiffness K = [kij] matrices.  Equations A6, A9 and A11 all describe the 
nondimensional equations to determine the mass and stiffness matrices of the system.  An 
expression for the mass matrix, mij, will be determined first: 
R-  * HRH-./  * LM'NMLM'NO./     (A6) 
a M  O, 
R-  * sinNM/ .    
 R
D R |/         
a M d O, 
R-  -  R  ¡ -,R  ¡ R  - R
, -
 |/  0       
¢£L, 
R-   SR-          (A7) 
 
where δij is the Kronecker Delta such that when i = j, δij = 1 and i ≠ j, δij = 0. 
The stiffness matrix can be shown by the following equation: 
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TR-  TRVYT-VY E TR-U$VRW$ E TR-XU$?R$Y      (A8) 
We know from the assumption of no sag that λ2 = 0 and so the first term does not play a role in 
the stiffness determination.  Now, ktension and kbending will both be determined using their separate 
Equations A9 and A11.  For the axial stiffness of the cable: 
TR-U$VRW$  * HRH-./        (A9) 
¤¢+e+ HR  NM cosNM  '. H-  NO cosNO  
TR-U$VRW$  * NM cosNM/ NO cosNO .        
a M  O, 
TR-U$VRW$  NM * cosNM.  NM ! E 
 R
D R #/ |/   NM    
a M d O, 
TR-U$VRW$  NMO * cosNM cosNO ./         
TR-U$VRW$  NMO !p R, -q R,- E 
p R¥ -q
 R¥- # |/  0      
¢£L, 
TR-U$VRW$   NMSR-         (A10) 
 
For the bending stiffness of the cable: 
TR-XU$?R$Y  F
 * HRH-./         (A11) 
¤¢+e+ HR  NM sinNM  '. H-  NO sinNO  
TR-XU$?R$Y  F
 * NM sinNMNO sinNO/ .      
a M  O, 
TR-XU$?R$Y  F
 NDMD * sinNM/ .    
;R;
F
 SR-       
a M d O, 
TR-XU$?R$Y  F
 NDMO * LM'NMLM'NO/ .  0       
¢£L, 
TR-XU$?R$Y    
;R;
F
 SR-         (A12) 
 
 A4 
 
¤¢+e+ F
  Z[¦"
 , E is the Modulus of Elasticity, I is the area moment of inertia, H is the tension 
force in the cable and L is the length of the cable.  Combining Equations A10 and A12 yields the 
stiffness matrix Equation A13: 
TR-   NMSR- E   
;R;
F
 SR-        (A13) 
 
Now that expressions for mij and kij have been determined (Equations 2.7 and 2.13), this 
information can be used to solve the eigenvalue problem that determines the natural frequencies 
of a given cable. 
R-I E TR-I  0           
The solution of this problem can be performed using the characteristic equation for eigenvalue 
problems: 
detpTR-  &A$R-q  0 Lª«+ ªe &A$      (A14) 
 
¤¢+e+ &A$  %"@¬­
 and m is the mass per unit length of the cable material.  This equation can be 
used to determine the natural frequencies, ωn, of the cable, if &A$ is known.
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APPENDIX B – 50g ACCELEROMETER CALIBRATION INFORMATION 
 
 
Figure 28. STS-WiFi Structural Testing System Specifications 
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Table 13. BDI Accelerometer Specifications 
 
 
 
Table 14. 50g Accelerometer Calibration Table 
 
 
 
Sensor ID
BDI Gauge Factor 
(g/Vout/Vexcitation)
Calibration Factor 
(mV/g)
A4022 3344.48 0.299000
A4023 3344.48 0.299000
A4024 3344.48 0.299000
A4025 3355.70 0.298000
A4026 3333.33 0.300000
A4027 3333.33 0.300000
A4028 3389.00 0.295072
A4029 3521.13 0.284000
A4031 3401.30 0.294005
A4040 3205.12 0.312001
A4043 3533.56 0.283001
A4045 3367.00 0.297000
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Table 15. 5g Accelerometer Calibration Table 
Sensor 
ID 
BDI Gauge Factor 
(g/Vout/Vexcitation) 
Calibration 
Factor (mV/g) 
A2019 355.87 2.8100 
A2020 354.61 2.8200 
A2021 361.01 2.7700 
A2022 350.87 2.8501 
A2023 375.93 2.6601 
A2024 367.64 2.7201 
A2025 378.78 2.6401 
A2026 326.79 3.0601 
A2027 364.96 2.7400 
A2028 358.42 2.7900 
A2029 359.71 2.7800 
A2030 364.96 2.7400 
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APPENDIX C – ORIGINAL RESULTS – CABLE TENSION GRAPHS AND TABLES 
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NORTH SPAN 
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APPENDIX D – CONSTRUCTION PHASE – CABLE TENSION GRAPHS 
SOUTH SPAN 
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NORTH SPAN 
During this portion of the testing, the sensors were applied in a different order 
compared to the original data.  In order to be able to compare the cable behavior from the 
original and the south deck removed scenarios, the following information will make that 
possible.  This problem has been resolved in the main body of the report and only occurs 
in this portion of Appendix C. 
South Deck Removed  Original 
Cable 1    Cable 3 
Cable 2    Cable 4 
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Cable 3    Cable 1 
Cable 4   Cable 2 
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